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Abstract
We study here the curious particle dynamics resulting from electro-osmotic flow around a mi-
crochannel junction corner whose dielectric walls are weakly polarizable. The hydrodynamic veloc-
ity field is obtained via superposition of a linear irrotational term associated with the equilibrium
zeta potentials of both the microchannel and particle surfaces and the non-linear induced-charge
electro-osmotic flow which originates from the interaction of the externally applied electric field
on the charge cloud it induces at the solid-liquid interface. The particle dynamics are analyzed
by considering dielectrophoretic forces via the addition of a mobility term to the flow field in the
limit of Stokes drag law. The former, non-divergence free term is responsible for migration of
particles towards the sharp microchannel junction corner, where they can potentially accumulate.
Experimental observations of particle trapping for various applied electric fields and microparticle
size are rationalized in terms of the growing relative importance of the dielectrophoretic force and
induced-charge contributions to the global velocity field with increasing intensity of the externally
applied electric field.
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I. INTRODUCTION
The present contribution focuses on the dynamics of particles and their accumulation in
electro-osmotic flow through micro-channel junctions which are a basic element of microflu-
idic systems. This work thus extends previous studies [1–4] that focused on describing the
interesting hydrodynamic behavior, wherein beyond a critical level of external-field inten-
sity, vortices are observed to appear within the flow around (sharp) corners of micro-channel
junctions. The generation of such vortices is potentially useful in certain applications as a
means to enhance and control micro-fluid mixing [5–7]. In other situations the appearance
of vortices may need to be suppressed so as to avoid accumulation of suspended particles
leading to the eventual jamming of the device [2]. In linear electro-osmosis, when the equi-
librium zeta potential is uniform and independent of the external field, the resulting flow is
irrotational. However, the small yet finite polarizability of the walls gives rise to an addi-
tional, non-linear, electro-kinetic mechanism termed induced-charge electro-osmosis (ICEO)
[8]. When an external field is applied to the system, it sets off within the electrolyte solution
transient Ohmic currents which create a non-uniform charge cloud near the walls. Thus, a
non-uniform distribution of induced zeta potential is established whose magnitude is pro-
portional to the external-field intensity. The Helmholtz-Smoluchowski slip velocity at the
fluid-solid interface resulting from the interaction of the electric field and the induced-charge
cloud is non-linear in the applied field and generates an electro-osmotic flow which is not
necessarily irrotational.
Thamida & Chang [2] pointed out that the above mechanism produces opposite polar-
ization of the respective upstream and down-stream faces of the corner. Furthermore, for
a sufficiently strong external field this ICEO not only dominates the local flow near the
corner but produces downstream macro-scale vortices as well [3]. Thamida & Chang [2] also
observed that an interesting colloid accumulation occurs at the corner, however no attempt
was made to address this particle trapping mechanism either theoretically or experimentally.
As will be shown herein, the rapid trapping occurs due to a combination of the short range
DEP trapping force and the long-range induced electro-osmotic flow which feeds the parti-
cles. Previous studies have examined particle trapping and separation based on insulator-
based dielectrophoresis (iDEP) using sharp tips among other geometries [9–11]. However,
in contrast to the current study, these works have treated such structures as insulators and
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as a result induced electrokinetic effects, emanating from the finite but small dielectric po-
larizability of the wall materials, were overlooked. Nevertheless, efficient trapping via the
combination of a short range DEP force and far-field hydrodynamics has been shown for a
variety of flow generation mechanisms. AC electroosmosis (ACEO), which uses electrodes
embedded within the microchannel, has attracted a lot of attention as means for vortex
generation and particle trapping through hydrodynamic forces that focus the particles into
the stagnation point of the vortices [12–15]. Additionally, similar accumulation has recently
been demonstrated [16] at the stagnation points of electro-osmotic vortices of the second
kind formed at the interface of a microchannel and a wide nanoslot.
It is thus the focus of the current study to provide for the first time a thorough expla-
nation, based on both theory and experiments, for the rapid particle trapping due to the
combined forces of the DEP and ICEO vortex at the corner of a microchannel. In the fol-
lowing, we describe the experimental methods in sec. 2, the theoretical model in sec. 3, the
results and discussion in sec. 4 and concluding comments in sec. 5.
II. EXPERIMENTAL METHODS
A. Fabrication of the device
A L-junction microchannel connected to two reservoirs at opposite ends (Fig. 1(a)) with
a depth (normal to the plane of view) of 120 µm was fabricated from PDMS (Polydimethyl-
siloxane, Dow-corning Sylgard 184) using a rapid prototype technique [17]. We used a high
resolution (3 μm) chrome mask for the creation of the master. The radii of curvature of
the corner is estimated to be ~6 µm The channel was then sealed by a PDMS coated (30
µm thick) microscope glass slide, using a plasma bonding process [18]. Two large (19 mm
diameter) reservoirs were inserted into the PDMS inlets so as to minimize possible pressure
driven flow due to induced pressure head and to allow the introduction of Platinum wire
electrodes (Fig. (1)b).
B. Experimental setup
A high voltage DC power supply (Stanford Research Systems PS350) was connected to the
platinum wire electrodes (0.5 mm platinum wire, Sigma-Aldrich). An electrolyte solution of
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Figure 1: (a) Schematics of the L-junction microchannel device along with a microscope image of
the junction region and (b) the experimental flow system setup. Dimensions are in μm.
10-5[M] Potassium Chloride (conductivity σf = 2 μS/cm) was seeded by negatively charged
fluorescently tagged tracer particles (Fluoro-Max, Thermo-Scientific) of various sizes (0.48,
1 and 2 μm) and volumetric concentrations of (0.0025%, 0.01%, 0.04% respectively). The
particles were visualized dynamically using a spinning disc confocal system (Yokugawa CSU-
X1) connected to a camera (Andor iXon3) and installed on an inverted microscope (Nikon
TI Eclipse). Prior to the sudden application of the external field the system was equilibrated
to minimize initial pressure driven flow.
III. THEORETICAL MODEL
A. Electrostatics and hydrodynamics
Here we extend the theoretical analysis of Yossifon et al. [3] for ICEO around a sharp
corner to include DEP forces acting on particles. For brevity, in deriving the latter hydro-
dynamic contribution to the particle motion we will closely follow their derivation, skipping
the details and showing only the main results. The current problem for the L-junction differs
from that of the T-junction microchannel configuration of Yossifon et Al. 2006 [3] only in
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Figure 2: The L-junction configuration
that the mid-narrow channel symmetry line is replaced by a wall (i.e. we apply an elec-
troosmotic slip velocity instead of a symmetry condition at D∞E boundary, see Fig. 2). It
is noted that for a low-conductivity electrolyte, electrothermal effects stemming from Joule
heating (which scales linearly with the conductivity) become minimal [19]. Moreover, for
the current geometry, it may also be shown that any inplane temperature gradients (which
would potentially control the 2D electrothermal forcing) resulting from such minimal Joule
heating, would be negligible as most of the generated heat dissipate through the bottom
slide which has minimum thermal resistance. The introduction into the problem of a small
but finite wall dielectric constant εw, necessitates the simultaneous calculation of both φf
and φw , the electrostatic potentials within the fluid and wall domains, respectively. On the
microscale of the electric double layer these potentials are coupled through the boundary
conditions imposing continuity of the potential and specifying the jump in electric displace-
ment across the true solid-liquid interface [20]. The thin-double-layer approximation was
previously extended by Yossifon et al. 2006 [3] to account for the electric-field leakage
through the wall for an arbitrary value of the dielectric constants ratio εw/εf , to obtain an
appropriate macro scale boundary condition for a symmetric electrolyte solution relating φf
just outside the double layer and φw at the surface of the wall
φw + α
∂φw
∂n
= φf + ζ
eq on A∞BC∞. (1)
The dimensionless Robin-type boundary condition (1) is formulated in terms of the dimen-
sionless electric potentials φf , φw and the equilibrium zeta-potential ζeq normalized by E0h1,
wherein h1 is the width of the narrow channel and E0 is the magnitude of the externally
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applied electric field within the narrow channel far from the junction. Here ∂
∂n
denotes the
derivative in the direction normal to the wall pointing into the fluid domain. Appearing
in (1) is the parameter α = w
f
(κh1)
−1, wherein κ−1 is the (presumed small) Debye length,
which represents the thickness of the electric double layer. Under this macro scale boundary
condition (1) the dimensionless electric potentials within the bulk fluid and within the wall
both satisfy the Laplace equation. In addition, the potential within the bulk fluid satisfies
the Neumann-type boundary condition ∂φf
∂n
= 0 applied on the channel walls (A∞BC∞ and
D∞EF∞ in Fig. 2). These boundary conditions are supplemented by the requirements
that∂φf
∂x
= −1 within the narrow channel far from the junction ( x → −∞) (see Fig. 2)
and by conservation of electric-field flux ∂φf
∂y
= −h1
h2
far from the junction within the wider
channel (y → ∞), as well as appropriate ’far field’ (x2 + y2 → ∞) decay conditions within
the wall domain.
The problems governing φf and φw are thus decoupled and may be solved recursively.
Making use of the Schwartz-Christoffel (e.g. Milne-Thomson [21]) transformation
z(t) =
1
pi
[
h2
h1
ln
(
t+ 1
t− 1
)
+ 2tan−1
(
h1
h2
t
)
− pi
]
, (2)
and
ω(t) =
1 + (h1/h2)
2
1− t2 . (3)
the physical complex z = x + iy plane is mapped onto the upper half of the ω = ξ + iη
plane, to obtain for a 2D potential of a point charge located at ω = 1
φf =
1
pi
Re {ln (ω − 1)} , (4)
wherein ′Re {}′ denotes the real part. Expanding (2,3) and (4) for |ω|  1 (corresponding
to |t|  h2
h1
) one obtains the following potential function:
φf v
1
pi
(
1 +
(
h1
h2
)2)1/3
Re
{(
−3pi
2
z
)2/3}
, (5)
which holds in the vicinity of the corner z = 0. Once φf is known, one can calculate φw to
satisfy Laplace’s equation within the wall domain and (1) from which we find the total zeta
potential to be
ζ = φw − φf = ζeq + ζ i on A∞BC∞, (6)
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wherein ζ i = −α∂φw
∂n
denotes the induced zeta potential. On the channel walls (D∞EF∞)
opposite from those forming the corner (A∞BC∞) the latter effect is negligible and it is
assumed that ζ = ζeqw .
The fluid velocity v and pressure p are normalized by ε0εfE20h1/η and ε0εfE20 , respectively,
where η denotes the dynamic viscosity of the electrolyte solution and ε0 is the permittivity
of vacuum. The quasi-steady, small-Reynolds number flow of the bulk electro-neutral fluid
is governed by the continuity equation ∇ · v = 0 and the Stokes equation ∇p = ∇2v. On
the channel walls (A∞BC∞ and D∞EF∞ in Fig. 2) v satisfies the vanishing of the fluid
velocity normal to the wall and the Helmholtz-Smoluchowski slip velocity [22]condition
v‖ = −ζE‖ = −ζeqw E‖ − ζ iE‖, (7)
where the subscript ′‖′ denotes the vector component tangent to the wall. Far upstream
and downstream of the corner the pressure and fluid-velocity vector become uniform across
the channel. We therefore choose to present the velocity field as the sum of the linear
electro-osmotic flow (EOF) and induced contributions
v = ζeqw ∇φf + vICEO = vEOF + vICEO . (8)
The first term on the right-hand side of (8) is an irrotational field, and based on the local
approximation (5) may be written as
vEOF = ζ
eq
w ∇φf
= ζeqw
(
1 +
(
h1
h2
)2)1/3 (
3
2
pir
)−1/3 [
cos
(
2
3
(θ + pi)
)
rˆ− sin (2
3
(θ + pi)
)
θˆ
]
.
(9)
The induced part of the velocity vICEO is derivable from the stream function ψ satisfying
the bi-harmonic equation ∇4ψ = 0 together with the requirements that ψ = const. on each
segment of the boundary of the fluid domain (A∞BC∞ and D∞EF∞ in Fig. 2) and the
slip-velocity condition resulting from the second term of (7). To obtain an approximate
’local’ expression for ψ in the vicinity of the corner, the plane polar (r, θ) coordinates were
employed such that the origin lies at the corner and θ = 0 corresponds to the bisector of the
fluid domain (eq. 3.8’ in [3]), from which one obtains
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vICEO = α
(
3
2
)3/2{ 2
3pi
[
1 +
(
h1
h2
)2]}2/3
· r−2/3
3
[(
cos
(
1
3
θ
)
+ 5cos
(
5
3
θ
))
rˆ− (sin (1
3
θ
)
+ sin
(
5
3
θ
))
θˆ
]
.
(10)
B. Particle equation of motion
In the limit of low particle concentration, particle-particle interactions may be ignored
and the governing kinetic equations for immersed particles include only terms related to
the hydrodynamics of the fluid and externally applied forces acting on individual particles.
The former includes the ICEO flow and linear EOF, the latter comprised of the DEP and
linear electrophoretic (EP) contribution. For a spherical neutrally buoyant particle located
at xp (t) and moving with velocity vp (t) within a fluid flow u, the dimensionless equation
of motion has the form [23]
Stdvp
dt
= St
ρf
ρp
Du
Dt
− St ρf
2ρp
[
dvp
dt
− D
Dt
(
u+ 3Fa
5
∇2u)]
− (vp − u−Fa∇2u)−Ba
´ t
0
[
1√
t−τ
d
dτ
(vp − u−Fa∇2u)
]
dτ +UForce,
(11)
where UForce is a general term for additional forces that may act on the particle, e.g. DEP
and EP forces in our case. The typical order of the particle radius a v O (10−6m), the
channel length scale L v O (10−4m), velocity U0 v O (10−3m/s), particle and fluid densities
ρf , ρp v O (103kg/m3) and the fluid dynamic viscosity µ v O (10−3Pa · s). These result in
negligible Stokes
(
St = 2a
2ρpU0
9µL
≈ 2 · 10−6
)
, Faxen
(
Fa = a
2
6L2
≈ 1.7 · 10−5
)
, and Basset(
Ba = a
√
ρfU0
piµL
≈ 1.7 · 10−3
)
dimensionless numbers. Thus, the particle equation of motion
can be reduced to
vp = vLINEAR + vICEO + vDEP , (12)
wherein the linear component comprises of both EOF and EP terms
vLINEAR = vEOF + vEP =
(
ζeqw − ζeqp
)∇φf = ζeq∇φf , (13)
with the subscripts w and p standing for the microchannel wall and particle, respectively.
Since both the microchannel wall and particle surface are negatively charged the EOF and
EP counteracts each other with the former being dominant (see section IV.E and Fig 3).
To account for particle trapping a non-divergence free attractive force term must be added
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[24] which, as was recently shown for the same tracer particles used in the current study
[16, 25], is provided by the short-range positive DEP attractive force existing under DC
field conditions. The dimensional (symbolized by tilda) dielectrophoretic particle velocity
contribution is
v˜DEP =
F˜DEP
6piηa
=
ε0εfa
2fCM∇˜
∣∣∣E˜∣∣∣2
3η
, (14)
wherein a is the particle radius and fCM is the Clausius-Mossotti factor [26]. Non-
dimensionalization yields
vDEP =
1
3
fCM
(
a
h1
)2
∇ |E|2 , (15)
where from the local approximation of the bulk fluid potential (5)
vDEP = −fCM
(
a
h1
)2
pi
3
[
1 +
(
h1
h2
)2]2/3(
3pir
2
)−5/3
rˆ. (16)
Thus, the total particle velocity (12) can be rewritten in terms of the relative contributions
of the above linear (9,13), induced (10) and dielectrophoretic(16) velocities,
vp
ζeq
= ∇φf + λICEOvICEO
α
+ λDEP
vDEP
fCM (a/h1)
2 , (17)
where λICEO = |α/ζeq| represents the relative importance of the “induced” and “linear” re-
spective parts of vp, while λDEP =
∣∣∣∣( ah1)2 fCM/ζeq
∣∣∣∣ represents the relative importance of its
“dielectrophoretic” and “linear” respective parts.
IV. RESULTS AND DISCUSSION
A. Experimental
The time evolution of the particle trapping is quantified in Fig. 3 by determining the
overall fluorescent intensity within a constant control volume for various applied electric
fields (E0 < 0) and particle sizes. The particle net motion away from the corner is in the
direction of the electric field indicating the dominance of EOF over EP. Images were obtained
using the confocal microscope system. It is clearly demonstrated, based on the slope of the
9
Figure 3: Time evolution of the total fluorescent intensity (normalized by that corresponding to
t=0 [s]) within the control volume (depicted in inset g) obtained using Confocal microscopy for blue
1[μm] fluorescent particles with h2h1 = 5. Insets a-d are confocal images taken at varying time under
a constant applied field of 1388 [V/cm], while insets d-g correspond to a constant time of ~1.3[s] at
various applied fields. The arrow in inset a of the figure indicate the direction of the electric field
(i.e. E0 < 0) and the net particle motion away from the corner.
curves in Fig. 3, that the accumulation becomes more rapid as the voltage increases. Also,
it is seen that for low enough fields (e.g. under ∼555 [V/cm]) the accumulation is almost
negligible. This observation is in qualitative agreement with (15) where it can be seen
that the DEP trapping force scales non-linearly with the electric field. The insets a-g in
Fig. 3 are confocal images taken at discrete times and various voltages to illustrate the
particle accumulation at the corner vicinity assisted by an ICEO vortex downstream of the
corner. Insets a-d, corresponding to a constant applied field of 1388 [V/cm], depict the time
accumulation of the particles until a saturation like behavior occurs (at ~1.3 [s]) which may
correspond to a finite capacity of trapped particles (see Movie#1 in [27]). Insets d-g are
images taken at time of ~1.3 [s], which depict the downstream vortex patterns and particle
accumulation for various applied fields. It is clear from Fig. 3 that saturation is reached
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Figure 4: Particle dynamics of fluorescent red 1[μm] particles upon reversal of the electric field
polarity (bold arrow). h2h1 = 5 , externally applied field |E0| is 833 [V/cm].
at longer times with decreased applied fields as can be expected from the corresponding
observed decrease in vortex intensities along with particle trapping (insets d-g).
Curiously, upon reversal of the electric field direction, a pronounced asymmetry of the
downstream ICEO vortex together with particle trapping (Fig. 4) are observed. For an
electric field directed from the narrow to wide channel (E0 > 0) no trapping is seen down-
stream of the corner and the dark region presumably consists of the downstream vortex
(see Movie#2 in [27]). As will be shown theoretically below, for E0 > 0, DEP is no longer
effective at trapping particles downstream of the corner. However, upstream of the corner,
DEP trapping is observed irrespective of field direction. That the trapping increases with
the particle size (Fig. 5) is yet another indication that the mechanism is DEP controlled
as the force scales linearly with the particle volume (14) (see Movie #3 in [27]). In the
above figures the electric fields within the narrow channels were calculated based on the ge-
ometry of the two channels and the applied voltage according to a simplified Ohmic model
E0 = V/ (L (1 + h1/h2)). L is the length of the narrow and wide channels (i.e. 15mm) and
V is the applied potential difference across the reservoirs.
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Figure 5: The effect of the particle size on time evolution of the total fluorescent intensity (normal-
ized by that corresponding to t=0 [s]) at various applied electric fields.
B. Theoretical model
We examine the evolution of the topology of the particle pathlines in the vicinity of the
channel corner for varying ratios λICEO = |α/ζeq| and λDEP =
∣∣∣∣( ah1)2 fCM/ζeq
∣∣∣∣. Alternatively,
by the assumed scaling of ζeq, the following also corresponds to the development of the
flow and particle dynamics with increasing intensity of the external field. Fig. 6 presents
the local particle pathline pattern in the vicinity of the corner (i.e., r  1) for h2
h1
= 5 at
the indicated values of λICEO and λDEP . Qualitatively similar figures are obtained when
selecting other values of h2
h1
. Inset (a) depicts the irrotational antisymmetric velocity field
(see the first term in (17) ) corresponding to the linear part of vp (λICEO = 0, λDEP = 0),
which is derivable from φf (5) and represents the superposition of EOF and opposing EP.
The induced part (λICEO → ∞) of the electro-osmotic flow, vICEO , is presented in part
(b). The symmetric field obtained from (10) demonstrates the formation of a jet by the
convergent flow at the corner. Inset (d) of the same figure shows the flow resulting from
the superposition of both the linear and induced flow components for λICEO = 0.25. As
r → 0 the induced velocity (∝ r−2/3) prevails over the linear (∝ r−1/3) part. Accordingly,
it produces a reverse flow along the wall immediately downstream of the corner. This is
expected to create a domain of closed streamlines as indeed appears in Fig. 6(d) . The
extent of this domain is diminishing with decreasing λICEO, or equivalently with decreasing
electric field intensity, which is in qualitative agreement with the experimental results shown
in insets (d-g) of Fig. 3. Upstream of the corner, the superposed velocities accumulate and
for this reason no reverse flow appears at the wall. As shown in the sequel, reverse flow and
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Figure 6: Analytically derivable local flow streamlines (insets (a), (b) and (d)) and particle pathline
patterns (insets (c) and (e)) in the vicinity of the corner for h2h1 = 5, E0 < 0, and the indicated
values of λICEO and λDEP .
closed-streamline domains may nevertheless occur upstream of the corner (Fig. 8(a,c) and
Yossifon et al. 2006 [3]) for sufficiently large values of λICEO. However, unlike the vortex
occurring downstream of the corner, this reverse flow occurs near the opposite channel walls
(D∞EF∞) and is therefore not a “local” phenomenon. Inset (c) represents the motion of
the particles dominated solely by DEP (λDEP → ∞ ) whereby the colloids are attracted
radially towards the corner acting as a sink. Finally, the particle pathlines resulting from
the superposition of the dielectrophoretic contribution (λDEP = 0.125) to the ICEO fluid
flow (λICEO = 0.25) are shown in inset (e). Here, as r → 0 it is the DEP velocity that
prevails (∝ r−5/3) over both the induced (∝ r−2/3) and linear (∝ r−1/3) velocity components.
This manifests itself in attracting pathlines which are downstream towards the corner where
particles are trapped. Additionally, the DEP force “breaks” the closed streamlines obtained
for the ICEO flow (inset (d)) at the downstream side of the corner. This results in significant
enhancement to the trapping rate due to particles arriving from the upstream side. This
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prediction is in agreement with the experimental results shown in Figs. 3,4 which illustrate
the DEP trapping of the particles both at the upstream side of the corner to which particles
pathlines are attracted and at its downstream side where rapid accumulation of particles is
assisted by the ICEO vortex. The linear relationship between DEP force and particle volume
(16) is clearly visible in the experimental results (Fig. 5) wherein the rate of accumulation
increases with increasing particle size.
C. Asymmetry of the problem
An intriguing feature of the experimental results is the distinct difference in particle
dynamics and their eventual accumulation upon reversal of the electric field polarity (see Fig.
4). The theoretical predictions based on the approximate ’local’ expression of the potential
(5); Fig. 6), which is symmetric with respect to θ, cannot account for this effect which
stems from the geometrical asymmetry of the L-junction microchannels width
(
h2
h1
6= 1
)
. In
contrast, eqs.(2-4) are the ’global’ solution of the potential from which the linear asymmetric
particle velocity field can be directly extracted to obtain
vLINEAR = ζ
eq∇φf = −ζeq 1
pi
Re
{
1
ω − 1
dω
dt
dt
dz
∇z
}
, (18a)
which from equations (2,3) yields
vLINEAR = ζ
eqh1
h2
[Re {it} xˆ−Re {t} yˆ] . (18b)
We combine this asymmetric linear field (18b) with the induced (10) and DEP (16)
velocities in their symmetric form as they decay more rapidly then the linear part (∝ r−5/3
and ∝ r−2/3, as opposed to ∝ r−1/3 respectively). These combined fields were then calculated
in the vicinity of the corner for both polarities of the electric field and are illustrated in Fig.
7 . From Fig. 7 it is seen that qualitatively, the DEP trapping mechanism is similar to that
described in the symmetric case (Fig. 6(e)), except that when the field is directed from the
narrow to wide channels (Fig. 7(b)) the resulting downstream vortex is larger and so is the
region of particle pathlines downstream of the corner that terminate at the corner tip (Fig.
7(d)). It is hard to explain based only on this why there is such a distinct difference in the
particle entrapment in Fig. 4. However, it is clear that the enlargement of the downstream
vortex size in the wider channel compared to that in the opposite direction, due to the
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Figure 7: Particle pathlines upon reversal of the applied electric field polarity following an asym-
metric linear field with symmetric DEP and ICEO fields, in the vicinity of the corner for h2h1 = 5
and λICEO = 0.25. The narrow channel is on the bottom-left while the wide channel is on the
top-right (see Fig. 2).
asymmetric linear velocity field, occurs concurrently with the decrease of the DEP force due
to the same asymmetry of the electric field. With further increase of the electric field, a
’global’ solution accounting for the finite dimensions of the channel’s width would further
emphasize this asymmetry, as will be shown in Fig. 8, where the size of the vortex in the
narrow channel is shown to quickly approach its maximum size which is dictated by the
channel width.
15
Figure 8: “Global” numerical solution of the particle pathlines patterns upon reversal of the applied
electric field polarity for h2h1 = 5 and λICEO = 2.5,
D. Numerical results
Using commercial code (COMSOL) the decoupled electrostatic (Laplace equations within
the bulk fluid and wall domains along with (1)) and hydrodynamic (Stokes and continuity
equations along with (7)) equations were solved within the full microchannel domain) rather
than only at the very vicinity of the corner as in the analytically derived eqs. (9,10,16). Upon
this solution, the particle DEP velocity component (15) was added in order to obtain the
particle streamlines. Fig. 8 provides a “global” description of the streamline pattern for
λICEO = 2.5 for two opposite electric field polarities with/without the DEP contribution.
insets (a) and (c) of the figure show the vortex formation downstream of the corner due
to the combined induced and linear flows under reverse field polarity. While the induced
ejection intensity is the same in both cases, the linear flows (and the electric fields) roughly
differ by a factor of h2
h1
, which corresponds to the ratio of the average velocities within the
narrow and wide channels away from the corner, affecting the size of the formed downstream
vortex.
Insets (b) and (d) of the figure show the particle pathlines corresponding to the flow
fields in insets (a) and (c), respectively, with the addition of the DEP force. That DEP
force attracts particles towards the corner is clearly seen both in the upstream side where
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streamlines are terminated at the corner and the downstream side where the streamlines
(insets (b) and (d)) are also terminated at the corner after converging along the corner wall.
These simulation results are in good agreement with both the theoretical (Fig. 6, Fig. 7)
results, as well as experimental observations (Fig. 4). Interestingly, upon reversal of the field
polarity (inset (d)) the particle streamlines look very different to those in inset (b). This
stands in contrast to the analytically predicted asymmetric plot (Fig. 7), where although
the size of the downstream vortex was different in correspondence with the channel width,
the same qualitative behavior of particle trapping was predicted. This discrepancy can be
explained by the fact that the results shown in Fig. 8 were calculated for relative high
applied fields wherein the ’global’ solution was strongly influenced by the “far” boundaries.
In contrast, despite the global linear contribution, the analytical solution remains local (Fig.
7) due to the DEP and ICEO local approximations. This was confirmed by numerical
simulations at low enough voltages (Fig. S1 in [27]) which approximate the local solution of
Fig. 7.
With the inclusion of the DEP force, the vortex center points (both upstream and down-
stream) become unstable. In insets (a),(c) the vortices have closed stream/pathlines, as
opposed to (b),(d) where particles are moving in a spiral path into/away from the vortex
center. This break in the stability of the fixed points is due to the attracting p-DEP force
at the corner which leads to their conformation change from closed streamlines to unstable
spirals that eject particles from the vortex center. The above arguments support the exper-
imental findings (Fig. 4) where particles were not observed to be trapped upstream of the
corner in the case of the field pointing from the narrow to wide channels (i.e. E0 > 0), in
contrast to the immense trapping occurring in the opposite direction.
Inset (c) here resembles Fig. 4(c) in [3] in the sense that an upstream vortex may develop,
except that the same flow pattern occurs at yet larger λICEO values (or equivalently larger
electric fields). The difference in the D∞E (bottom) boundary condition (H-S slip condition
at the wall instead of a symmetry line) delays the flow reversal within the narrow channel
upstream of the corner, resulting from the continuity of the mass flow rate, which is necessary
for obtaining the downstream vortex.
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E. Scaling arguments regarding the different competing mechanisms
Here we use the following quantities: 0 = 8.85 ·10−12F/m is the vacuum permittivity; f =
80 and w = 3 are the relative dielectric constants of the fluid and microchannel (PDMS),
respectively; R = 8.314J/(K·mol) is the universal gas constant; T = 300◦K is the absolute
temperature; F = 9.648 · 104C/mol is the Faraday constant; c0 = 10−5M is the bulk ionic
concentration; h1 = 80 · 10−6m is the narrow channel width; a = 0.5 · 10−6m is the particle
radius; σp = 133.5µS/cm (obtained for DI, i.e. σf = 0.05µS/cm[25]) and σf = 2µS/cm (measured)
are the conductivities of the particle (effective conductivity due to surface conduction) and
medium; the zeta potential of the PDMS can be estimated as[28] ζ˜eqw = −50mV for pH≈5.5
(measured) while that of polystyrene particles ζ˜eqp = −34mV (measured using Zetasizer for
1μm particles in 3 · 10−5M solution, σf = 4µS/cm).
Hence, κ−1 = λD =
√
0fRT
2F 2c0
≈ 97nm is the Debye length. Using the following expres-
sions: α = wλD
fh1
, ζeq = ζ˜
eq
E0h1
(wherein the tilde stands for the dimensional zeta-potential)
and fCM =
σp−σf
σp+2σf
≈ 0.96 then for a value of E0 = 1388V/cm (corresponding to the case
when the combined effect of all competing mechanisms is most clearly seen experimentally
in Fig.3):
λICEO =
α
ζeq
=
α
ζeqw − ζeqp =
wλD
f
(
ζ˜eqw − ζ˜eqp
)E0 ≈ 0.028 (19a)
λDEP =
(
a
h1
)2
fCM
ζeq
=
a2
h1
fCM(
ζ˜eqw − ζ˜eqp
)E0 ≈ 0.023 (19b)
Interestingly, the ratio λICEO/λDEP ≈ 1.21 is in agreement with the theoretical analysis
wherein a ratio of the O (1) was used. These values are smaller by factors of ≈9 and ≈5
than the theoretical values of λICEO = 0.25 and λDEP = 0.125 (Fig.6), corresponding to
the case when all competing mechanisms exist simultaneously to obtain qualitatively the
combined effect observed experimentally at high applied fields ( E0 = 1388V/cm). Such a
discrepancy is not unexpected in the very crude estimates of scaling analysis. However, one
plausible explanation for this could be that while DEP, ICEP and EP are local effects (the
former two are non-negligible only at the vicinity of the corner while the latter depends
only on the local electric field) the electroosmotic flow must obey the continuity equation
(i.e. mass flux balance) everywhere in the system. Thus, it is more prone to disturbances,
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.e.g reservoir-microchannel entrance effects inducing back pressure which may lower the net
EOF flow, resulting, in better agreement between theory and experiments.
V. CONCLUDING REMARKS
The purpose of the present contribution is to study the colloid dynamics in conjunction
with appearance of ICEO vortices in a micro-channel junction configuration. Our main
experimental results appear in Fig. 3 where we demonstrate the rapid particle trapping
and accumulation at the vicinity of the corner.The exact nature of the interparticle forces
[e.g. Posner 2009[29]] existing at the corner vicinity when the particle accumulation be-
comes significant is beyond the scope of the current study as we are mainly concerned with
the physical mechanism that is responsible, in the first place, for the migration of particles
towards the corner where they can potentially accumulate. This phenomenon was shown
theoretically, at the single particle level, to be due to the combination of a short-range
non-divergence free DEP trapping force which is assisted by a far-field electro-convection
downstream vortex that feeds the corner with particles (Fig. 6). The analytical model is a
local approximation of the global solution in the vicinity of the corner. Accordingly, the re-
sulting expressions involve no indeterminate parameters whose evaluation would require the
use of various ad hoc estimates, in particular with respect to obtaining a correct description
of the dielectrophoretic contribution to the particle velocity superposed on the ICEO and
linear flow velocities. Finally, we clearly demonstrate that the sharp corner geometry, in
addition to its potential to greatly enhance forced convection due to the intensified velocity
near the channel walls around the induced vortex, can also be used for rapid trapping of
colloids.
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